INTRODUCTION
The mucosal surfaces, including the gastrointestinal, respiratory, and urogenital tracts are the largest surface area in the human body in contact with the external environment. 1 -3 Pathogenic microorganisms, their potentially toxic products, and indeed, some components of ingested food and inhaled air are potential threats and are therefore antigenic at mucosal surfaces. Secretory immunoglobulin A (SIgA) is the principal antibody isotype present at mucosal surfaces where it mediates the first line of immune defense by neutralizing and clearing the antigens. 1 -3 SIgA also restricts the indigenous commensal bacterial population entering the body from the lumen by immune exclusion. More IgA is produced daily than all the other antibody classes combined. 1 IgA is unique in being the only immunoglobulin class that exists in multiple oligomeric states. IgA is present as two subclasses, IgA1 and IgA2, the latter of which is found in at least two allotypic forms. The heterogeneity of IgA is reflected in its presence with characteristic distributions in very different environments around the human body. 1 Thus, IgA is the second most predominant antibody class in serum IgA, where it is mainly monomeric and of the IgA1 subclass. Mucosal SIgA is predominantly dimeric with approximately equal proportions of SIgA1 and SIgA2.
SIgA is produced locally in the mucosa as polymeric IgA consisting of two (or sometimes three or four) 12-domain IgA monomers, each with two Fab and one Fc regions, bound covalently through the joining (J) chain at the base of the Fc structure ( Figure 1 ). The transport of predominantly dimeric IgA (dIgA) across the epithelial lining into the luminal secretions, and the consequent formation of SIgA, is mediated by dIgA binding to the polymeric immunoglobulin receptor (pIgR), which is expressed on the basolateral surface of epithelial cells. Following transcytosis of the complex across the cell and cleavage of pIgR at the luminal membrane, SIgA is released with the extracellular portion of the pIgR (now called secretory component, SC) remaining bound to the IgA dimer ( Figure 1 ). SC consists of five immunoglobulin variable ( V )-type domains (D1 -D5), and contains up to seven oligosaccharide chains. SC is not only necessary for the selective transportation and correct localization and anchorage of SIgA, but it also stabilizes markedly the structure of SIgA and increases its resistance to proteolysis in the harsh environment of mucosa. 4 -7 In SIgA1, the SC is bound Secretory immunoglobulin A (SIgA) is the most prevalent antibody in the human body and a first line of defense in mucosal immunity. We located secretory component (SC) relative to dimeric IgA1 (dIgA1) within the SIgA1 structure using the constrained modeling of solution scattering and analytical ultracentrifugation data. The extended solution structure of dIgA1 is largely preserved within SIgA1. From conformational searches of SC locations, the best-fit SC models within SIgA1 show that SC is extended along the outermost convex edge of the Fc dimer in dIgA1. The topology of our SIgA1 structure reveals that it is able to bind to one Fc RI receptor molecule. SC binding to the Fc dimer confers protection to SIgA1 by the masking of proteolytically susceptible surface sites from bacterial proteases in the harsh environment of the mucosa. The models support a " zipper-like " unfolding of SC upon dIgA1 in the formation and transportation of SIgA1 into the mucosa.
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covalently by a disulfide bond from Cys502 to an IgA -chain through Cys311. On its own, SC acts as a nonspecific antibacterial agent itself, increasing the innate immunogenic capacity of SIgA to intercept and clear pathogens. 8, 9 Despite the major role of SIgA1 in mucosal immunity, no new information on the assembly of this complex protein has been revealed since the electron microscopy studies from 37 years ago. 10, 11 The molecular arrangement of the IgA1 monomers and SC within SIgA1 is as yet unknown. However, solution structures for the IgA1 monomer and dimer and free SC have been recently determined. 12 -14 The IgA1 monomer has an extended and mostly T-shaped arrangement of Fab and Fc regions. 12, 15 In dIgA1, the two IgA1 monomers are orientated in a near-planar, tail-to-tail conformation with a slight bend in the Fc -Fc interface which may possibly accommodate the J chain. 14 Free SC shows a compact folded-back domain arrangement of its five domains. 13 The number of multiple domains constituting SIgA1, together with its high glycosylation and flexible hinge and tailpiece regions ( Figure 1 ), suggests that the crystallization of intact SIgA1 will be difficult to achieve. However, a solution structure can be determined at medium resolution using constrained scattering modeling. 16 Here, we present the first molecular view of the assembly of SIgA1. Our SIgA1 structure rationalizes its known effector functions in mucosal secretions. We discuss the implications of this SIgA1 structure in reference to its role in mucosal immunity, particularly its interaction with receptors, a mechanism for the selective transport of SIgA1 into the mucosa, and how SC and dIgA1 protect each other within SIgA1.
RESULTS
The same three well-defined physicochemical techniques that were employed in our other papers 12 -15 concerning the compo- Figure 1 Domain structure of secretory immunoglobulin A1 (SIgA1). SIgA1 is composed of two IgA1 monomers that are covalently bound with the J chain and domains D1 to D5 of secretory component. Each IgA1 heavy chain contains the V H , C H 1, C H 2 and C H 3 domains, and each light chain contains the V L and C L domains. The variable ( V ) and constant ( C ) are highlighted by gray and white backgrounds, respectively. The complementarity determining regions (CDR, black crescents) are indicated as labeled. The inter-heavy chain disulfide bridges at Cys241, Cys242, Cys299, and Cys301 are denoted by an extended X. Cys471 in one tailpiece of each Fc region is disulfide-bridged with either Cys14 or Cys68 in the J chain, which is located on the convex edge of the Fc - Guinier plots and distance distribution functions P ( r ) analyses for secretory IgA1 (SIgA1). The scattering vector Q is given by 4 sin / (2 = scattering angle; = wavelength). ( a -d ) The Guinier plots are arbitrarily displaced on the intensity axis for reason of clarity. The Q . R G and Q . R XS ranges used to determine the R G , R XS − 1 , and R XS − 2 values are represented by filled circles between the arrowed data points to show that they fall within satisfactory Q . R G limits. The X-ray fits correspond to concentrations of 0.60 mg / ml (upper) and 0.30 mg / ml (lower). The neutron fit corresponds to data at 0.60 mg / ml. ( a , b ) The X-ray and neutron Q ranges used for the R G values were 0.11 -0.17 and 0.14 -0.24 nm − 1 , respectively. ( c , d ) The X-ray Q ranges used to calculate the R XS − 1 and R XS − 2 values were 0.20 -0.28 and 0.72 -1.04 nm − 1 , respectively. No neutron cross-sectional analyses were calculated for reason of insufficient signal -noise ratios. ( e , f ) The two most frequently occurring distances in the P ( r ) curve are denoted by the maxima M 1 and M 2 at 7.0 and 9.6 nm (X-ray) and 6.8 and 10.0 nm, respectively (neutron). The maximum length of SIgA1 is denoted by L at 26 nm (X-ray) and 24 nm (neutron) when P ( r ) reaches 0. The mean R G values determined from the X-ray and neutron P ( r ) curves of 8.30 ± 0.17 nm (six values) and 8.04 nm (one value), respectively were in good agreement with the Guinier analyses of a and b .
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nents of SIgA1 were used to obtain solution structural data on intact SIgA1. The data were then fitted to a library of conformationally randomized models to identify the spatial arrangement of the individual components within SIgA1 that best described the three data sets.
X-ray and neutron scattering of SIgA1
Solution scattering is a diffraction technique that studies the overall structure and size of biological macromolecules in random orientations. 16 X-ray scattering showed that SIgA1 and dIgA1 have similar elongated arrangements of two IgA1 monomers. On the basis of the data at the lowest scattering angles, Guinier analyses revealed that the mean X-ray R G value (a monitor of macromolecular elongation) for SIgA1 was 8.29 ± 0.20 nm ( Figure 2a,b ; Table 1 ). This is slightly less than that for dIgA1 at 8.65 ± 0.27 nm. 14 The anisotropy ratio R G / R O permits the degree of elongation to be compared between different macromolecules. The ratio for SIgA1 was 1.93. This is slightly less than that of 2.16 for dIgA1, showing that SIgA1 is less elongated than dIgA1. This indicated that SC (19 % of the mass of dIgA1) is bound to the central region of dIgA1 and not to its periphery.
Similarities in the solution structures of SIgA1 and dIgA1 were shown by cross-sectional Guinier analyses of the X-ray data at larger scattering angles. The R XS values monitor shorter dimensions, e.g., the diameter of the Fc region. Two linear regions were revealed similar to those for dIgA1 that correspond to the R XS − 1 and R XS − 2 parameters. 14 The mean R XS − 1 value of 3.90 ± 0.13 nm and mean R XS − 2 value of 1.27 ± 0.03 nm ( Figure 2c,d ; Table 1 ) were close to those for dIgA1 of 3.94 ± 0.18 and 1.43 ± 0.07 nm, respectively.
Neutron scattering data acted as a control of the X-ray data. Neutrons will test for any hydration effect which is much less visible by neutrons than by X-rays, the absence of X-ray-induced radiation damage, and any internal structural inhomogeneity caused by the 11 % carbohydrate content of SIgA1. 16 The neutron R G value for SIgA1 in a heavy water buffer was 7.22 nm ( Figure 2b ), which is also less than the dIgA1 neutron value of 7.60 nm. The reduction of 1 nm in the neutron R G value for SIgA1 compared to its X-ray value is attributable to the masking of a significant hydration shell positioned at large distances from the center of the SIgA1 structure. The neutron R G / R O ratio for SIgA1 was 1.85, which agrees well with the X-ray value above. Neutron scattering can also be used to determine the molecular mass. The Guinier I (0) / c value of 0.43 resulted in a mass of 390 kDa for SIgA1. This compares well with that of the composition-derived value of 424 kDa, showing that SIgA1 is monodisperse in solution.
The conversion of the scattering curve I ( Q ) into the distance distribution function P ( r ) provides structural dimensions. The P ( r ) curves reproducibly showed two broad maxima M1 and M2 located at 7.0 and 9.6 nm (X-ray) and 6.8 and 10.0 nm (neutron). Each maximum corresponds to an abundance of intermolecu- Table 1 Summary of the X-ray and neutron modeling fits for the SgA1 solution structure NA, not available. a The 1,500 models were selected from the 5,000 starting models because they show no steric clashes between the SC domains. ARTICLES lar distances within the structure. Although two maxima were also observed for dIgA1, 14 the X-ray M1 values at 6.8 -7.0 nm for SIgA1 were larger than those of 4.9 -5.1 nm for dIgA1. This movement in M1 is attributed to the effect of bound SC in SIgA1.
The M2 values at 9.6 -10.1 nm for SIgA1 and dIgA1 were similar. The maximum length, L , is determined from where the P ( r ) curve reaches zero at large r . For SIgA1, L was determined to be 26 nm (X-ray) and 24 nm (neutron) ( Figure 2e and f ), similar to those for dIgA1. This shows that SIgA1 and dIgA1 possess similar extended lengths.
Analytical ultracentrifugation of SIgA1
Analytical ultracentrifugation studies macromolecular structures in solution by following their sedimentation behavior on subjecting these to a high centrifugal force. 17 To confirm the molecular mass of SIgA1, sedimentation equilibrium experiments resulted in molecular masses between 360 and 420 kDa ( Figure 3 ). Their extrapolation to zero concentration gave a mean molecular mass of 403 ± 43 kDa within error of the composition-derived value of 424 kDa.
The sedimentation coefficient s ° 20,w provides an independent measure of macromolecular elongation. Good agreement between the experimental and fitted sedimentation velocity boundaries was obtained ( Figure 4a,c ) . The resulting c ( s ) size distribution analyses revealed a single SIgA1 peak with an s ° 20,w value of 10.8 S ( Figure 4b,d ). The 10.8 S peak corresponded to a molecular mass of 440 kDa. As no other peaks were detectable, this confirmed sample monodispersity. An alternative calculation using g ( s * ) time-derivative analyses gave similar s ° 20,w values of 10.8 and 10.9 S ( Figure 4e,f ) . The new determinations agree well with a previous s ° 20,w value of 10.9 S 18 and values between 10.5 and 11.7 S. 19 The s ° 20,w value leads to the frictional ratio f / f o , which permits comparison of the degree of elongation. The f / f o of SIgA1 is 1.70, which is similar to that of 1.63 for dIgA1, 14 showing that SIgA1 and dIgA1 have similarly elongated structures in solution.
Constrained modeling of SIgA1
Constrained modeling of the scattering and sedimentation data based on known molecular structures resulted in the SIgA1 structure. 16 The presence of SC has a measurable effect on the Xray data of SIgA1 in comparison to dIgA1. When superimposed, the SIgA1 and dIgA1 scattering curves differ at approximate scattering vectors Q of 0.5 -0.8 nm − 1 ( Figure 5a ). Given that similar overall arrangements of the two IgA1 monomers within dIgA1 and SIgA1 had been deduced above, the constrained modeling of SIgA1 was initiated using the best-fit dIgA1 structure. 14 The first modeling searches tested 10 different locations of SC. Each search was based on the 5,000 randomized arrangements of SC domains previously used to determine the unbound SC solution structure. 13 Each search positioned domain D3 or D5 of the SC models proximate to a specific part of the dIgA1 structure. For example, searches 5 and 6 tested hypothesized structures in which SC was wrapped around the planar Fc -Fc region. 1 -3,19 -22 Searches 7 -10 tested SC models based on the Cys502-Cys311 disulfide bridge ( Figure 1 ). 23 The SIgA1 scattering curves from each model were calculated for comparison with the experimental data. Search 1 gave the most favorable outcome. The best-fit R G values were close to the experimental value of 8.29 nm ( Table 1 ) and gave the lowest goodness-of-fit R factors, which are required for a good fit Sedimentation equilibrium analyses for secretory IgA1 (SIgA1). SIgA1 was analyzed using ( a ) interference and ( b ) absorbance optics at concentrations of 0.65 mg / ml (top), 0.43 mg / ml (middle), and 0.22 mg / ml (bottom) at a rotor speed of 8,000 r.p.m. Circles represent the experimental data and the continuous black lines represent their fits. The corresponding curve-fit residuals are shown above the exponential fits. ( c ) The rotor speed dependence of the fitted molecular mass gave a mean value of 403 ± 10 kDa, denoted by ( ᭺ ) 5,000 r.p.m., ( ᮀ ) 8,000 r.p.m., ( ᭝ ) 11,000 r.p.m., and ( ᭞ ) 14,000 r.p.m.
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). These best models also had R XS − 1 and R XS − 2 values close to the minimum R factor ( Figure 6c ). Search 2 gave a similar outcome to that from search 1 ( Figure 6b ). The other eight searches gave worsened R G agreements. For example, searches 3 and 4 gave reduced R G values of 8.1 -8.4 nm because the models were too compact, and many SC models sterically clashed with the two Fab regions. Searches 5 and 6 gave even lower R G values of 8.0 -8.2 nm. Searches 7 -10 gave R G values that were too high and no best-fit minimum in the R factors could be identified.
Search 1 identified extended near-planar best-fit SC structures that were aligned along the convex edge of the Fc -Fc plane. Their R G and R XS − 1 values were within 5 % of the experimental values. The best 10 structures with the lowest R factors are shown in dark gray and black in Figure 6 . The best-fit SIgA1 structure has a good R factor of 8.5 % (black arrow in Figure 6 ) with a good visual X-ray curve fit in a Q range extending to 1 nm − 1 ( Figure 5a ). The corresponding neutron curve fit has a good R factor of 9.3 % despite a worsened signal -noise ratio. The M and L values of the P ( r ) curves were well reproduced. Two poor fits from the best outcome of searches 3 / 4 and searches 5 / 6 illustrated the success of search 1 ( Figure 5b ). Both poor fits showed deviations in the Q range of 0.5 -0.8 nm − 1 that corresponded to the main difference between the dIgA1 and SIgA1 curves. Their R G values were too low, and the R factors were increased ( Table 1 ) .
The best-fit structure from search 1 was refined by randomization of the four Fab hinges in this SIgA1 model. The best-fit SC structure from search 1 was added to the 3,000 randomized Fab structures used previously to determine the dIgA1 structure. 14 The best R factor was reduced from 8.5 to 8.0 % ( Figure  7a ), and the modeled X-ray R G , R XS − 1 , and R XS − 2 values were in slightly better agreement with the experimental values ( Table 1 ). In the g(s * ) fits using DCDT + , the goodness-of-fit residuals are shown above each analysis. The arrowed s ° 20,w values using ( e ) interference and ( f ) absorbance optics are 10.8 and 10.9 S, respectively. The fits are based on data at 0.58 mg / ml (interference) and 0.58 mg / ml (absorbance) at a rotor speed of 20,000 r.p.m. The fits were determined using from 4 to 14 scans recorded mid way through the experiment shown in a and c .
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Superimposition of the 50 best-fit models revealed a limited conformational family of structures ( Figure 7c ) in which the two Fab regions displayed an extended and mostly T-shaped arrangement relative to their adjacent Fc region. All four Fab regions were independent of each other. When compared with the dIgA1 modeling, 14 the Fab regions were in approximately the same positions and included many best-fit models from the dIgA1 fits. This agreement suggests that no conformational change in dIgA1 occurred when this binds to SC.
The experimental sedimentation coefficient s ° 20,w value of 10.9 S for SIgA1 agreed well with the s ° 20,w values of 11.2 -11.5 S calculated from the 10 best-fit models from search 1 ( Table 1 ) 
DISCUSSION
SIgA is one of the most important components of the immune system. We have produced a solution structure at medium resolution showing how SIgA1 is assembled from dIgA1 and SC. Comparison of the solution structure of SIgA1 and the previously reported structure of serum dIgA1 shows that dIgA1 is almost unaffected by its incorporation into SIgA1. This is consistent with published electron micrographs but might not have been expected from the much emphasized stability of SIgA1 to proteolysis and the lack of effector functions suggested in some studies. The major difference between SIgA1 and dIgA1 is the novel location of SC to the outer edge of the central Fc -Fc region in SIgA1. This new knowledge enhances our understanding of SIgA1 structure and function. Thus, this structure reveals that SC is positioned to carry out its unique biological functions without altering the fundamental structure and function of the dIgA1 moiety. Our structure is based on a homogeneous SIgA1 preparation, previously demonstrated by gel filtration and sodium dodecyl sulfate -polyacrylamide gel electrophoresis, 7 and confirmed here by analytical ultracentrifugation data that rule out the possibility of contamination by monomeric IgA1 or other immunoglobulin forms. The same SIgA1 preparation binds to Fc R1 (CD89), triggering a respiratory burst in neutrophils in the same way as dIgA1 from serum that lacks SC. 24 This SIgA1 also binds to jacalin and is cleaved by proteases acting at both the hinge region and the C H 2 / C H 3 interface, although the latter site is cleaved at a much slower rate than serum IgA1. These results emphasize the functional accessibility of much of the SIgA1 molecule, even though SC is bound to it.
The size of SIgA1, its high carbohydrate content, and its conformational flexibility meant that at present constrained scattering modeling offered the only route to a macromolecular structure. General structural similarities between SIgA1 and dIgA1 were identified. This meant that overall SIgA1 has a nearplanar solution structure similar to that of dIgA1, with the two IgA1 monomers orientated end-to-end through a slightly bent arrangement of their Fc regions ( Figure 8a ). The location of the SC structure along the outermost convex edge of the Fc -Fc region shows that SC must unfold from its compact J-shaped structure in solution. 13 No conformational alteration of dIgA1 was detectable after SC is bound ( Figure 7 ) . A similar structure 
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for SIgA2 has been determined (A.B. and S.J.P., submitted for publication). Because this SIgA1 structure is an experimental structural determination, the 10 best-fit models qualify for deposition in the Protein Data Bank ( Supplementary material online). These 10 structures are best viewed when superimposed to appreciate the precision of the curve-fit method ( Figure 8a ).
It is stressed that the molecular interactions between the five individual SC domains and the Fc -Fc region in dIgA1 are not defined by this work, as our approach is not a high-resolution structure determination. Interestingly, our best-fit SIgA1 models resemble crystal structures for the Fc RI -Fc , FcRn -Fc , Fc RIII -Fc , and Fc RI -Fc complexes (PDB codes 1ow0, 1a1i, 1e4k, 1f6a) 25 in the sense that all four complexes show the receptor molecule making various contacts at the edge of the Fc region in the three antibody classes, and not at its face. The location of SC in SIgA1 also resembles the edge-to-edge contacts formed between the five Fc regions in the human IgM pentamer (PDB code 2rcj), 26 and likewise the location of protein A on the edge of the Fc region (PDB code 1fc2). 27 Scattering modeling is not able to determine unique molecular structures, however it is able to rank models in the order of best fit ( Table 1 ). In this way, search 1 located SC on the more exposed convex edge of Fc -Fc in SIgA1 in preference to the outcome of the nine other searches ( Figure 5a ). The generally accepted electron microscopy model for SIgA1 indicated an endto-end arrangement of two IgA1 monomers with various degrees of bending between them. 11 This is supported by the scattering analysis. Even though no electron microscopy study located SC relative to dIgA1, the old SIgA images inspired many subsequent cartoons for SC bound to one face of dIgA1 or wrapped around Fc -Fc. The ranking of such models ruled them out of consideration ( Figure 6 ).
Our new SIgA1 structure provides novel insights on its binding to IgA receptors. A near-planar SIgA1 structure is able to interact with cell-surface receptors, most notably Fc RI, which is responsible for IgA-mediated phagocytosis, oxidative burst, and antibody-dependent cellular cytotoxicity among other roles. 28 -30 Receptor binding will occur independently of antigen binding as the Fc and Fab regions are well separated in our structure. On the basis of crystallographic analysis of the interaction of monomeric IgA and Fc RI, four Fc RI molecules will potentially bind to dIgA1, one at each junction between the C H 2 and C H 3 domains. 14, 31, 32 Our location of SC on the outermost convex edge of the Fc -Fc region in SIgA1 indicates that two of these four Fc RI sites will be sterically blocked by SC ( Figure  8c ). Our previous analysis of dIgA1 binding to Fc RI suggested that only two of the four sites (specifically those on diagonally opposite C H 3 domains) can bind to Fc RI at the cell surface for reason of the stereochemical orientation of Fc RI relative to Fc (molecules 1 and 4 in Figure 9d of Bonner et al . 14 ) . As one of these two accessible Fc RI sites will be blocked by SC in SIgA1, it is expected that only one Fc RI binding site on the concave edge of the Fc region is available, leading to a 1:1 stoichiometry as shown in Figure 8c . It is predicted that both SIgA1 and dIgA1 will bind to Fc RI on cell surfaces, in accordance with experiment. 24 Our SIgA1 structure clarifies the formation of SIgA1 from dIgA1 and SC during pIgR transcytosis. In dIgA1, the convex edge of the Fc -Fc region is presumed to be the location for the J chain within the crevice that is created by this bend, even though the J chain could not be located by scattering modelling. 14 This is consistent with the immunologically hidden nature of the J chain in dIgA1. 20 The binding of SC to the convex Fc -Fc edge ( Figure 1 ). Accordingly, D5 was positioned parallel to and next to each of the four C H 2 domains in SIgA1, and Cys502 was located within 2.0 nm of Cys311. ( b , c ) The R G , R XS − 1 , and R XS − 2 values calculated from the models in search 1 are compared with the R factor values from their curve fits ( Table 1 ) . Search 2 (light gray) is shown also in ( b ). The vertical dashed lines correspond to the experimental R G , R XS − 1 , and R XS − 2 values. The 10 best-fit models are in dark gray and black, and the best-fit model is shown as the black diamond (horizontal arrow). Two representative poor-fit models 1 and 2 are shown as black triangles (vertical arrow) ( Figure 5b ). ( d -f ) The R G values calculated from the models in each of searches 3 (light gray), 4 (dark gray), 5 (light gray), 6 (dark gray), and 7 -10 (gray) are compared with the R factor values from their curve fits.
in SIgA1 is consistent with the mandatory presence of J chain for SC binding. 33, 34 Unbound SC shows a J-shaped arrangement of domains in solution. 13 Our SIgA1 structure shows that SC has to unfold on binding to dIgA1, and this is consistent with the different conformational epitopes found in free and bound SC. 35 The extensive interactions between SC and the Fc -Fc edge in SIgA1 are consistent with biochemical studies. Thus, its D1 domain is important for SC to interact with dIgA1, most notably at the CDR regions in D1, but D1 will not bind alone to Fc. 36, 37 The D2 and D3 domains increase the affinity for dIgA1. 38 The D5 domain interacts with Cys311 at the edge of the IgA C 2 domain. 12,23 Accordingly our SIgA1 structure enables us to visualize a " zipper-like " unfolding of the J-shaped SC domains when this binds to dIgA1. 4, 14 Sterically, the convex Fc edge of dIgA1 is relatively accessible in the Fc -Fc region, and the location of SC on this edge in our model clarifies how pIgR is able to interact with dIgA1 to mediate transcytosis.
The SC location in SIgA1 clarifies the greater ability of SIgA1 to resist proteolysis in the harsh environment of mucosal surfaces. Unbound SC is readily degraded to half its size, 13, 20, 39 but this is reduced in SIgA1. Trypsin, pepsin, and two bacterial proteases cleave monomeric IgA1 and dIgA1 more readily than SIgA1. 5, 6 SC delays cleavage in the hinge / Fc region of the -chain. 40 Potential cleavage sites are expected to occur at protein surface loops. Such sites along the convex edge of the Fc -Fc region will be blocked by SC binding in our SIgA1 structure ( Figure 8 ). Decreased cleavage rates at the concave edge of the Fc -Fc region in SIgA1 may result from the reduced access to proteases caused by the presence of the Fab regions. Accessibility to proteases at this edge will also be hindered by the binding of SIgA1 to cell-surface receptors. Comparison of crystal structures for two bacterial metalloproteases in Figure 8b supports this interpretation, as both are comparatively large enzymes. The active sites of the proteases are such that they will accept the substrate in only one configuration. Hence, it is not only the size of the protease but the necessity for a specific orientation relative to IgA that is relevant, as both factors will leave reduced opportunities for their active sites to access their targets. The decreased susceptibility to proteolysis may result also from reduced flexibility between the Fc and Fab regions after SIgA1 is formed. The binding of SC along the Fc -Fc edge of dIgA1 will reduce movements between the two IgA1 monomers, hence reducing opportunities for proteolytic attack. Further protection is expected from the surface location of eight glycosylation sites at Asn263 and Asn459 on the two Fc regions, together with seven glycosylation sites in SC ( Figure 8b ), 12, 13 that will reduce the accessibility of SIgA1 to proteases.
The elucidation of a near-planar solution structure for SIgA1 with SC positioned on the convex edge of the Fc -Fc region transforms our understanding of the function of SIgA. This opens the way for further experimentation to refine and extend our molecular understanding of SIgA assembly, and the way that SIgA1 performs its functions in mucosal immunity.
METHODS

Preparation and composition of SIgA1
Native SIgA1 containing -and -class light chains was isolated from human colostrum provided by consenting healthy volunteers, and 
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purified using a combination of thiophilic chromatography and jacalinagarose lectin affinity chromatography. 14, 24, 41 Dimeric SIgA1 eluted as a single symmetrical peak in Sephacryl S-300 size-exclusion gel filtration. Samples were checked by western blot using an anti-IgA1 Fc-specific antibody. Reducing sodium dodecyl sulfate -polyacrylamide gel electrophoresis showed only the three expected bands for pure SIgA1 corresponding to the IgA1 heavy chain at 62 kDa, the light chain and J-chain that co-migrate at around 25 kDa and SC at around 80 kDa. 24 The recovery rate for SIgA1 was in excess of 90 % . The buffer for X-ray scattering and analytical ultracentrifugation was as previous. 14 The IgA1, J chain, and SC compositions were as previous. 12 -14 There are 4 -light chains, 16 N -linked biantennary and 20 O -linked oligosaccharides. From this, SIgA1 has a calculated molecular mass of 424 kDa, an unhydrated volume of 539 nm 3 , a hydrated volume of 712 nm 3 , an absorption coefficient at 280 nm (1 % , 1 cm) of 12.3, and a partial specific volume ¯ of 0.723 ml / g. 42 X-ray and neutron scattering and ultracentrifugation data X-ray scattering data were obtained in one beam session at the European Synchrotron Radiation Facility, Grenoble, France on the Beamline ID02 in single-bunch mode. 14, 43 Comparison of the I ( Q ) data for SIgA1 for a single time frame and that averaged over 10 consecutive frames showed excellent signal -noise ratios with no radiation damage or aggregation effects. Only the first single time frames were used for analyses. Neutron scattering data were obtained in one beam session on Instrument LOQ at the Rutherford Appleton Laboratory, Didcot, UK. 14, 44 Concentrations were 0.30 and 0.60 mg / ml. Data reduction and the Guinier and P ( r ) analyses were as described previously to yield R G and I (0) values and to transform the I ( Q ) data into real space. 45 The anisotropy ratio R G / R O (where R O is the R G value of the sphere with the same volume as the dry glycoprotein) permits the elongation of different macromolecules to be compared. The normalization of neutron Guinier I (0) values using sample concentrations c and a standard deuterated polymer gives the molecular mass = I (0) / c × 9.10 5 . 12 For the P ( r ) analyses, the X-ray I ( Q ) curve contained 521 data points between Q values of 0.08 -2.33 nm − 1 (fitted with D max set as 26 nm) and the neutron I ( Q ) curve contained 66 data points between Q values of 0.13 -2.1 nm − 1 (fitted with D max set as 24 nm).
Sedimentation equilibrium runs were performed at 20 ° C on a Beckman XL-I instrument equipped with an AnTi50 rotor at three concentrations of 0.20, 0.42, and 0.65 mg / ml and four rotor speeds of 5,000, 8,000, 11,000, and 14,000 r.p.m. Data were fitted to a single-species model. Sedimentation velocity data were acquired at rotor speeds of 10,000, 15,000, and 20,000 r.p.m. at concentrations of 0.15, 0.31, and 0.58 mg / ml. Other details are as described previously. 14, 45 The frictional ratio f / f o (where f o is the frictional coefficient of a sphere with a volume equal to that of the hydrated macromolecule) also permits the elongation of different macromolecules to be compared.
Constrained modeling of SIgA1
The scattering and sedimentation data were subjected to constrained modelling to determine the SIgA1 solution structure. 16 The constraints were the recently determined dIgA1 solution structure (PDB code 2qtj) 14 and the 5,000 conformationally randomized SC models that were generated by the unrestrained linker search. 13 The first cycle of searches fixed the D3 or D5 domain of the SC models in 10 distinct locations adjacent to dIgA1 ( Figure 6a ), then evaluating the resulting SIgA1 models. Searches 1 and 2 were performed with D3 next to the J chain domain on the convex edge of the Fc region in which D3 was aligned with the plane of the Fc region or perpendicular to this. Searches 3 and 4 held D3 in two similar orientations on the other concave edge of the Fc region. Searches 5 and 6 held D3 in two similar orientations on top of the center of the Fc dimeric region. Searches 7 -10 were performed with D5 held adjacent to the four C H 2 domains at the top of the Fc regions. The second cycle of searches randomized the hinge between the Fab and Fc regions in the best-fit SIgA1 structure obtained from the first cycle ( Figure 5a ). 12, 14 Six linker libraries with 5,000 hinge conformations in each were generated using molecular dynamics (DISCOVER module of INSIGHT II, Accelrys) for 25-residue hinge lengths set between 5.5 and 9.0 nm in 0.5 nm steps, from each of which 500 conformations were randomly selected. The hinge between the C H 1 and C H 2 domains is 220-CPVPSTPPTPSPSTPPT PSPSCCHP-244. 12 Four identical hinges were used to generate each of the 3,000 SIgA1 models. Each SIgA1 coordinate model was converted into Debye spheres to calculate X-ray and neutron scattering curves and sedimentation coefficients for comparison with the experimental curves, as previously described. 12, 14, 45 The 10 best-fit SIgA1 -carbon coordinate models were deposited in the PDB with the accession code 3chn ( Supplementary Figure S1 online).
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